A nanorod-structured strontium hydroxystannate [SrSn(OH) 6 ] flame retardant was synthesized via a facile coprecipitation method and employed in epoxy resin (EP). Based on X-ray diffraction analysis, scanning electron microscopy, and transmission electron microscopy, the as-synthesized SrSn(OH) 6 nanorods exhibited high crystallinity and uniform size distribution. The flame retardancy and smoke suppression properties of EP/SrSn(OH) 6 composites were investigated by limiting oxygen index and cone calorimetry tests. The results showed that incorporation of SrSn(OH) 6 led to a dramatic reduction of the fire hazards of EP, including a 21.9% maximum decrease in the peak heat release rate, a 33.3% reduction in the toxic CO yield, and a 133.3% increase in the char residue. In particular, this is the first attempt to evaluate the flame retardancy properties of SrSn(OH) 6 nanorods in EP. The improved flame retardancy properties of the SrSn(OH) 6 nanorods is attributed to their catalytic carbonization effect.
Introduction
Epoxy resin (EP) is one of the most popular thermosetting polymers 1,2 due to its good resistance to chemical corrosion, low dielectric properties, and excellent mechanical strength. 3 However, its inherent flammability restricts further applications, particularly in certain highly demanding circumstances.
Much effort has been made to address the high flammability of EP. 4 With the growing demand for flame retardants with low toxicity, low smoke production, and environmental friendliness in recent years, several kinds of inorganic metal or metalloid compounds such as boron compounds, 5 metal oxides, 6 phosphorus compounds, 7 metal hydroxides, 8 and tin compounds 9 have been used as effective additives to reduce the flammability of EP. Their flame retardancy performance is mainly manifested as physical barrier effects after decomposition and the catalytic carbonization effect on the polymeric matrix during combustion. Based on this flame retardancy mechanism, it is expected that metal double salts will exhibit enhanced catalytic effects due to the combination of two metal elements. Indeed, increasing attention has been paid to metal double salts recently, including zinc hydroxystannate [ZnSn(OH) 6 ] and zinc stannate (ZnSnO 3 ) for use in flame retardancy applications. For example, a series of studies from the team of Cusack [10] [11] [12] [13] indicated that zinc hydroxystannate and zinc stannate could be used as highly effective flame retardants and smoke inhibitors, as well as substitutes for toxic antimony compounds. However, little attention has been paid to the effect of the morphology and distribution of these inorganic salts in the matrix on the flame retardancy properties.
Metal hydroxystannate belongs to the class of perovskite-structured hydroxides. 14 In recent years, a large number of different micro/nanostructured hydroxystannates including copper hydroxystannate [CuSn(OH) 6 ], 15 calcium hydroxystannate [CaSn(OH) 6 ], 16 cobalt hydroxystannate [CoSn(OH) 6 ], 17 strontium hydroxystannate [SrSn(OH) 6 ], etc., 18, 19 in addition to zinc hydroxystannate, have been synthesized and applied as photocatalytic, gas adsorption, and electrode materials. Different micro/nanostructures can be obtained by control of the synthesis process. [20] [21] [22] In practical applications, the size and morphology of the micro/nanostructure are closely linked to the final performance. However, research on the flame retardancy properties of hydroxystannate has rarely been reported, except for zinc hydroxystannate. 23, 24 In this work, SrSn(OH) 6 with a nanorod structure was synthesized using a facile coprecipitation method and used to improve the flame retardancy properties of EP composites. The micromorphology, chemical structure, and composition were characterized. The effects of SrSn(OH) 6 on the flame retardancy and thermal behavior of EP were evaluated by limiting oxygen index (LOI) testing, thermogravimetric analysis (TGA), and cone calorimetry testing (Cone). X-ray diffraction (XRD) analysis and energy-dispersive spectrometry (EDS) were used to identify the composition of the residue char obtained from the Cone test, which may shed light on the reaction that occurs. Scanning electron microscopy (SEM) observation further indicated the protective layer on the flame-retardant EP composites.
Experimental

Materials and chemicals
Strontium nitrate [Sr(NO 3 ) 2 ] and sodium stannate trihydrate [Na 2 SnO 3 AE3H 2 O] were supplied by Tianjin Kermel Chemical Reagent Co., Ltd., and mphenylenediamine was obtained from Aladdin Chemical Reagent Co., Ltd. Epoxy resin (EP-44) was obtained from Baling Petrochemical Branch Co., Ltd. Sodium hydroxide was purchased from Tianjin Beichen Fangzheng Chemical Reagent Co., Ltd.
Preparation of SrSn(OH) 6 nanorods
Sr(NO 3 ) 2 (1.06 g) was dissolved in 50 mL deionized water and stirred at room temperature under magnetic stirring for 10 min. Then, sodium hydroxide was added into the Sr(NO 3 ) 2 solution to adjust the pH to 10. Subsequently, Na 2 SnO 3 AE3H 2 O (1.33 g) was dissolved in 50 mL deionized water, then added to the solution above. The reaction was kept for a further 5 min. The obtained precipitate was filtered, washed with deionized water several times, and dried at 60°C to constant weight.
Preparation of EP/SrSn(OH) 6 composites
Firstly, 50 g EP was steadily dispersed at 60°C until no bubbles emerged. Then, different amounts (0 wt%, 1 wt%, 2 wt%, and 3 wt%) of SrSn(OH) 6 nanorods were added into EP with continuous stirring for 30 min. Subsequently, 5.5 g m-phenylenediamine was added into the above mixture with further stirring for 20 min. All the processes described above were executed under vacuum condition. Afterwards, the mixtures were poured rapidly into a preheated polytetrafluoroethylene (PTFE) mold and maintained under vacuum at 60°C for 20 min. Finally, the samples were solidified at 80°C for 2 h and then at 150°C for another 3 h. The samples were taken out from the mold and kept for analysis. The samples with 0 wt%, 1 wt%, 2 wt%, and 3 wt% SrSn(OH) 6 content in EP are denoted as EP0, EP1, EP2, and EP3, respectively.
Characterization and analysis
The morphology, chemical composition, and crystal structure of the as-prepared SrSn(OH) 6 were characterized by SEM, TEM, XRD analysis, Fourier-transform infrared (FTIR) spectroscopy, EDS, and TGAdifferential thermal gravimetry (DTG). XRD patterns were recorded on a D8 Advance (Bruker, Germany) with Cu Ka radiation in the scanning angle range of 10-90°. SEM micrographs were obtained using a JEOLTM3000 scanning electron microscope (JEOL, Japan) after gold plating the samples. TEM images were obtained using a Tecnai G2 F20 S-TWIN transmission electron microscope (FEI) at accelerating voltage of 200 kV. FTIR spectra were recorded between 400 and 4000 cm À1 on a Tensor 27 FTIR spectrometer (Bruker, Germany) with KBr pellets under air atmosphere. TGA-DTG was carried out with an STA 449C instrument (Netzsch, Germany) from 35°C to 800°C at a heating rate of 10°C/min under N 2 atmosphere. The weight of all the samples was kept within 5-10 mg. EDS of all samples was performed using a Phenom ProX SEM-energy-dispersive spectrometry (Phenom-World, China). LOI was measured using a JF-3oxygen index meter (Jiangning Analysis Instrument Company China) on sheets with dimensions of 130 mm 9 6 mm 9 3 mm. The combustion behavior was measured using an iCone Plus cone calorimeter (Fire Testing Technology, UK), in conformance with ISO 5660 standard. Samples with dimensions of 100 mm 9 100 mm 9 3 mm were exposed to cone at heat flux of 50 kW/m 2 .
Results and discussion
Structure and morphology of SrSn(OH) 6 
nanorods
The as-synthesized SrSn(OH) 6 product was characterized by XRD analysis, FTIR spectroscopy, SEM, TEM, and EDS. Figure 1(a) shows the XRD pattern of the SrSn(OH) 6 obtained by the coprecipitation method. The main peaks at 2h angles of 10.741°, 20.305°, 22 .962°, 28.966°, 32.655°, 36.040°, 38.268°, 44.599°, and 46.942°correspond to (110), (301), (221), (004), (501), (511), (512), (433), and (621) crystal planes of SrSn(OH) 6 in hexagonal phase, respectively. All of the diffraction peaks could be indexed to the standard hexagonal phase of SrSn(OH) 6 in Joint Committee on Powder Diffraction Standards (JCPDS) card no. 09-0086. The grain size (D) was calculated to be 56.8 nm using the data for the (221) crystal plane with the Scherrer equation D = Kk/bcos h, where b is the fullwidth at half-maximum, K = 0.94, h is the diffraction angle, and k is the X-ray wavelength (k = 1.54056 Å ). Also, no additional peaks corresponding to impurities were observed in the XRD pattern. The sharpness of the peaks suggests that the as-obtained SrSn(OH) 6 was highly crystallized. Figure 1 (b) shows the FTIR spectrum of SrSn(OH) 6 , which is quite similar to that reported for MSn(OH) 6 . 25 The absorption peaks at 3345 cm À1 , 3101 cm À1 , and 775 cm À1 are attributed to stretching vibration of OH groups in SrSn(OH) 6 , OH groups in adsorbed H 2 O, OH groups in crystalliferous H 2 O, and OH groups in SrSn(OH) 6 structure, respectively. 26 The sharp absorption at 1159 cm À1 may be due to bending vibration of Sn-OH, while the peak at 510 cm À1 is assigned to stretching vibration of Sn-OH.
To elucidate the particle size and morphology of the SrSn(OH) 6 , the sample was further investigated by electron microscopy. SEM and TEM images of SrSn(OH) 6 are shown in Fig. 2 , indicating that the asprepared SrSn(OH) 6 consisted of straight nanorods with width of 50-150 nm and length of several microns (Fig. 2a ). The more detailed image with high resolution in Fig. 2b shows that the well-defined nanorods had a smooth surface and a uniform distribution of diameter and length. TEM observation further confirmed the solid interior structure of the SrSn(OH) 6 nanorods ( Fig. 2c) . EDS also provided additional information about the chemical composition of the SrSn(OH) 6 nanorods, as shown in Fig. 2(d) . Obviously, the elements present on the nanorod surface were Sn, Sr, and O. Moreover, the concentrations of Sn and Sr atoms were 4.63% and 4.20%, respectively. The atom number ratio between Sn and Sr was rather close to the theoretical value (Sr:Sr = 1:1) for SrSn(OH) 6 .
To monitor the formation of the SrSn(OH) 6 nanorods, their morphological evolution was examined by SEM at different reaction time intervals. Figure 3 shows SEM images of the products at 15, 30, 45, and 60 s, and 5 min. At 15 s of reaction time, a large number of nanoparticles had formed ( Fig. 3a) . At 30 s, mixed nanoparticles and nanorod-like structures were observed (Fig. 3b ). On increasing the reaction time to 45 s, the number of nanoparticles gradually decreased and more nanorods were obtained ( Fig. 3c ). When the reaction time reached 60 s, all the nanorods had selfassembled, appearing as bundled nanostructures (Fig. 3d ), while the nanoparticles had totally disappeared. After 5 min of reaction time, the product consisted entirely of homogeneous nanorods with a uniform distribution, having diameter of 50-150 nm and length of 5-10 lm (Fig. 3e ).
Based on the morphological evolution described above, the whole process can be described using the following equations; the formation of the SrSn(OH) 6 nanorods is illustrated in Fig. 4 :
The formation of the SrSn(OH) 6 nanorods follows the nucleation-growth mechanism. 15, 22, 27, 28 Initially, when the SnO 3 2À solution is mixed with Sr 2+ and NaOH solution, primary SrSn(OH) 6 nuclei are obtained along with the reaction between Sn(OH) 6 2À and Sr(OH) 4 2À . Subsequently, the primary nuclei aggregate and assemble into bundles. The driving force resulting from stirring accelerates the assembly, splitting, and crystallization processes of the primary SrSn(OH) 6 . Thermal degradation of SrSn(OH) 6 
The thermal properties of the SrSn(OH) 6 were investigated by TGA in N 2 . The temperature at which 5% mass loss occurs is defined as the initial degradation temperature (T 5% ). As seen in Fig. 5(a) , the SrSn(OH) 6 exhibited a one-step weight loss with a T 5% of 217°C. The final weight loss at 800°C was about 19.5%, in rough agreement with the theoretical hydration level (17.5%) of SrSn(OH) 6 . XRD analysis was used to evaluate the crystal structure of the SrSn(OH) 6 residues after TGA in N 2 atmosphere. As shown in Fig. 5(b) , all of the diffraction peaks could be indexed to SrSnO 3 , indicating that the SrSn(OH) 6 was dehydrated under heat to form SrSnO 3 . The corresponding SEM image (Fig. 5b, inset) suggests that, after heat treatment, the sample still consisted of nanorods with a smooth surface.
Thermal properties of EP/SrSn(OH) 6 nanocomposites Figure 6 shows the TGA and DTG curves of the EP/ SrSn(OH) 6 composites obtained under N 2 atmosphere; the corresponding data are presented in Table 1 . All the EP composites presented a one-stage degradation process (Fig. 6a) , exhibiting decomposition behavior similar to pure EP and SrSn(OH) 6 . As shown in Fig. 6(a) , the decomposition temperature range of SrSn(OH) 6 was 165-313°C, and the maximum rate of weight loss occurred at 237.7°C. With increasing SrSn(OH) 6 addition, the T 5% value of the EP composites decreased slightly compared with that of pure EP. The earlier thermal decomposition of the EP composites is triggered by earlier dehydration and the catalytic effect of SrSn(OH) 6 , which is beneficial to reduce the temperature and heat release in the flame zone. Also, the char residues of the EP/SrSn(OH) 6 samples at 800°C were all increased compared with that of pure EP (Fig. 6a ). Furthermore, based on the DTG curves ( Fig. 6b) , the degradation interval for the EP composites narrowed while the degradation peaks sharpened, compared with the results for pure EP. These TGA results reveal that SrSn(OH) 6 could rapidly catalyze the EP matrix to generate residual char on the surface of the composites.
Combustion behavior of EP/SrSn(OH) 6 nanocomposites
LOI tests were used to evaluate the flame retardancy properties of the EP/SrSn(OH) 6 composites; the results are shown in Fig. 7 . Compared with the LOI value of neat EP (26.2%), the LOI values of the EP/SrSn(OH) 6 nanocomposites improved with increasing SrSn(OH) 6 content, in particular to 26.7% (EP1), 27.9% (EP2), and 28.4% (EP3). Since the LOI value is the minimum concentration of oxygen that will support the combustion of a material, an increase of 2.2% represents quite an improvement on the flame retardancy properties of EP. From the digital photos of the char residues ( Fig. 7, insets) , it is clear that more condensed chars were obtained on increasing the SrSn(OH) 6 content. This indicates that incorporation of SrSn(OH) 6 could effectively enhance the flame retardancy properties of EP. Furthermore, the cone calorimeter is a commonly used tool for evaluating the combustion behavior of polymeric materials under real fire conditions. [29] [30] [31] [32] [33] [34] The results of Cone testing provide abundant information on the combustion, including the heat release rate (HRR), total heat release (THR), smoke production rate (SPR), total smoke production (TSP), CO production (COP), and CO 2 production (CO 2 P). The data from the Cone tests are presented in Fig. 8 and Table 2 .
In the HRR curves of the EP/SrSn(OH) 6 nanocomposites, the peak heat release rate (PHRR) is a key for evaluating the fire risk. As expected, the PHRR decreased from 1140 kW/m 2 (EP0) to 890 kW/m 2 (EP3). Compared with pure EP, incorporation of 3% SrSn(OH) 6 resulted in a maximum decrease of 21.8% in the PHRR and 8.5% in the THR, indicating the high flame-retarding efficiency of the SrSn(OH) 6 nanorods.
Based on the HRR curves, the fire growth rate (FGR) was calculated to assess the fire hazard of the EP nanocomposites according to the following equation 35, 36 :
In general, a lower FGR value indicates that the time to flashover is delayed, which can allow sufficient time to evacuate people in a fire. Higher FGR values mean a shorter time to PHRR and more serious fire hazard. 37 On incorporation of 1% SrSn(OH) 6 , the FGR reduced from 9.6 kW/m 2 AEs for EP0 to 7.5 kW/ m 2 AEs, and further to 6.5 kW/m 2 AEs for EP3, representing a 32.1% reduction compared with EP0.
As a toxic gas, production of carbon monoxide (CO) is also an important factor when assessing the fire safety of polymer materials. The CO production (COP) and CO 2 production (CO 2 P) curves of EP and its nanocomposites are shown in Fig. 8 . The peak COP decreased from 0.027 g/s to 0.018 g/s after loading with 3 wt% SrSn(OH) 6 , a reduction of 33.3%. Although the CO 2 P of the EP nanocomposites exhibited a similar trend to the COP, the decrease was not as significant as for the COP. The obvious reduction of the COP indicates that addition of SrSn(OH) 6 promoted full combustion of EP, thus significantly reducing the release of toxic CO. Regarding the SPR and TSP, the peak SPR of EP3 decreased to 0.231 m 2 AEs À1 from 0.331 m 2 AEs À1 , a reduction of about 30.2%. The TSP value of EP3 was also reduced by 13.0% compared with that of EP0. Moreover, the final char residues of the EP nanocomposites were all greatly improved compared with that of pure EP, as shown in Table 2 . After incorporating 1% SrSn(OH) 6 , the char residue was 13.1%, about 142.6% higher than that of EP0 (5.4%).
Based on the comprehensive analysis of the TGA and Cone results, the char residue from the Cone test is more reliable due to the high sample mass introduced. According to the results of the cone calorimeter, it can be seen that the SrSn(OH) 6 nanorods showed an excellent flame retardancy effect on EP resin. This substantial reduction in the fire hazard properties can be attributed to the catalytic carbonization effect and Fig. 8 : Cone calorimetry curves of EP and its nanocomposites: heat release rate (HRR), total heat release (THR), smoke production rate (SPR), total smoke production (TSP), and CO and CO 2 production rate curves the formation of compact protective char layers on the burning surface of the EP composites.
Flame-retardant mechanism of SrSn(OH) 6 
on EP
To better understand the condensed-phase flame-retardant mechanism, the char residues of EP and its typical nanocomposites from the cone calorimeter test were investigated by digital camera, SEM, XRD analysis, and EDS. Figure 9 presents the macromorphology of the residue char on selected samples as observed using a digital camera. Neat EP was highly flammable and almost completely burned during the combustion, leaving only negligible separated char residue, as shown in Fig. 9(a) . In contrast, the chars become compact and continuous for the flame-retardant EP nanocomposites, as shown in Figs. 9(b) and 9(c). Moreover, with increasing SrSn(OH) 6 content, the color changed from black (EP0) to dark gray (EP1) and further to light gray (EP3). This color change indicates that SrSnO 3 formed by combustion was enriched on the surface of the residue. Aggregated SrSnO 3 can further stabilize the char layer, serving as an effective barrier against heat and oxygen diffusion and thereby protecting the underlying materials from further burning, which results in significant reductions in the HRR and THR. The microstructure of the char residues as observed by SEM further confirmed the migration and aggregation of SrSnO 3 . Figure 10 shows that nanofibrous SrSnO 3 particles mainly accumulated on the outermost surface of the final chars. The crystal structure and XRD and EDS characterization confirmed the crystal structure of SrSnO 3 and its elemental composition (Sr, Sn, and O). In contrast, little SnSnO 3 was detected on the inner surface of the final chars. Based on the results described above, it can be speculated that the flame-retardant mechanism of the SrSn(OH) 6 nanorods during the combustion process is as illustrated in Fig. 11 . Firstly, the SrSn(OH) 6 nanorods are dehydrated by heat, and the water vapor generated during this decomposition dilutes the combustible gas while at the same time reducing the temperature of the flame zone, thereby delaying the burning of EP. Secondly, after dehydration, the SrSn(OH) 6 nanorods degrade further into fibrous SrSnO 3 , which promotes crosslinking of small molecular organic fragments formed by combustion of EP into chars and reduces the smoke production due to its own catalytic effect from Sn and Sr. Furthermore, the formed SrSnO 3 gradually transfers to and concentrates on the surface of the char layer, thereby enhancing the thermal stability of the char residue. The dense char layer can obviously reduce the evacuation of volatiles and heat due to its barrier effect, thereby effectively protecting the underlying EP matrix from further combustion. HRR heat release rate, PHRR peak heat release rate, TTPHRR time to peak heat release rate, THR total heat release, TSP total smoke production
Conclusions
We demonstrate for the first time fabrication of SrSn(OH) 6 nanorods for use as an effective flame retardant for EP. The SrSn(OH) 6 consisted of straight well-defined nanorods with a smooth surface and uniform distribution. The SrSn(OH) 6 nanorods showed a catalytic carbonization effect on EP resin, thus improving the residue chars of the EP/SrSn(OH) 6 composites and resulting in good flame-retardant and smoke-suppressant properties. With the addition of only 3 wt% SrSn(OH) 6 nanorods, the LOI value was improved by 2.2%. Compared with neat EP, the PHRR, COP, CO 2 P, and TSP values were reduced by 21.8%, 33.3%, 10.9%, and 13.0%. The excellent flame retardancy properties of the SrSn(OH) 6 can be attributed to its catalytic carbonization effect on EP. Furthermore, the nanofibrous SrSnO 3 generated by dehydration of SrSn(OH) 6 migrates to the surface of the char layer during combustion of the EP nanocomposites. This nanofibrous SrSnO 3 network can further stabilize the char layer, which acts as an effective physical barrier to protect the EP matrix.
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